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Background: The type IV secretion system (T4SS) can be classified as a large family of macromolecule transporter
systems, divided into three recognized sub-families, according to the well-known functions. The major sub-family is
the conjugation system, which allows transfer of genetic material, such as a nucleoprotein, via cell contact among
bacteria. Also, the conjugation system can transfer genetic material from bacteria to eukaryotic cells; such is the
case with the T-DNA transfer of Agrobacterium tumefaciens to host plant cells. The system of effector protein
transport constitutes the second sub-family, and the third one corresponds to the DNA uptake/release system.
Genome analyses have revealed numerous T4SS in Bacteria and Archaea. The purpose of this work was to organize,
classify, and integrate the T4SS data into a single database, called AtlasT4SS - the first public database devoted
exclusively to this prokaryotic secretion system.
Description: The AtlasT4SS is a manual curated database that describes a large number of proteins related to
the type IV secretion system reported so far in Gram-negative and Gram-positive bacteria, as well as in Archaea.
The database was created using the RDBMS MySQL and the Catalyst Framework based in the Perl programming
language and using the Model-View-Controller (MVC) design pattern for Web. The current version holds a
comprehensive collection of 1,617 T4SS proteins from 58 Bacteria (49 Gram-negative and 9 Gram-Positive), one
Archaea and 11 plasmids. By applying the bi-directional best hit (BBH) relationship in pairwise genome
comparison, it was possible to obtain a core set of 134 clusters of orthologous genes encoding T4SS proteins.
Conclusions: In our database we present one way of classifying orthologous groups of T4SSs in a hierarchical
classification scheme with three levels. The first level comprises four classes that are based on the organization
of genetic determinants, shared homologies, and evolutionary relationships: (i) F-T4SS, (ii) P-T4SS, (iii) I-T4SS, and
(iv) GI-T4SS. The second level designates a specific well-known protein families otherwise an uncharacterized
protein family. Finally, in the third level, each protein of an ortholog cluster is classified according to its involvement
in a specific cellular process. AtlasT4SS database is open access and is available at http://www.t4ss.lncc.br.Background
Knowledge about types of secretion pathways in prokar-
yotes has proportionally increased with the number of
complete genomes deposited in the nucleotide databases.
Moreover, several studies of secretion systems have been
conducted with the purpose of understanding the bio-
logical mechanisms involved in the association between
microorganisms and their hosts, since several secretion
systems in prokaryotes should be mediating the mutual-
istic symbiotic or pathogenic relationships.* Correspondence: marisa@lncc.br
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reproduction in any medium, provided the orSecretion systems have been classified into seven
major evolutionarily and functionally related groups,
termed types I-VII [1-6]. Type IV Secretion System
(T4SS) is one of the most functionally diverse, both in
terms of the transported substrate (DNA, proteins, or
DNA-protein complex) and the projected recipients
(receiver cells or extracellular medium) [7]. According to
this high range, three types of T4SS have been described:
(i) the conjugation system (translocates DNA-protein
substrates to recipient cells via a contact-dependent
process) [8]; (ii) the effector translocator system (delivers
proteins or other effector molecules to eukaryotic target
cells) [9]; and (iii) the DNA release or uptake systemtd. This is an Open Access article distributed under the terms of the Creative
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iginal work is properly cited.
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[10]. To accomplish that transport, the system com-
prises multisubunit cell-envelope-spanning structures,
which form a secretion channel and often a pilus. More-
over, other proteins not needed for the assembly of
the channel are required for the proper function of the
system [11].
Most studies on T4SS have been carried out in some
Gram-negative bacteria used as models: (i) the arche-
typal VirB/D4 encoded by pTi plasmid of Agrobacterium
tumefaciens [12]; (ii) the Helicobacter pylori ComB that
secretes DNA to the extracellular milieu [13]; (iii) Tra/
Trb encoded by F plasmid of Escherichia coli [14];
and (iv) Dot/Icm identified in Legionella spp [15] and
Coxiella burnetti [16] and (v) Tfc in genomic islands of
Haemophilus spp [17]. Currently, there is information
on a few T4SS subunits of Gram-positive bacteria, which
are mainly representative of conjugation systems [18].
Also, a small number of archaeal conjugation systems have
been recently described, such as the conjugative plasmids
of thermophilic crenarchaeal Sulfolobus spp [19].
Nowadays it is generally accepted that the ancestral
T4SS has evolved towards achieving a wide variety of
biological activities, controlling genome architectures
and interspecies relationships for novel purposes relating
to the ongoing dialogue between donor and target cells
[20]. The best model showing the sophisticated evolu-
tion and complexity of the T4SS is the VirD4/D4pTi
system, which has acquired many regulatory mechan-
isms to transport either virulence factors (VirE2, VirF),
or a nucleoprotein complex (VirD2-T-DNA complex) to
plant cells [21]. Another example is the Legionella vir
homologue system (Lvh), which is partially required for
conjugation and that can also act as an effector translo-
cator involved in a virulence-related phenotype, under
conditions mimicking the spread of Legionnaires' disease
from environmental niches [22,23].
To date, the most accepted T4SS classification is based
on the division of the systems into four groups [24]:
(i) F-T4SS (Tra/Trb), (ii) P-T4SS (VirB/D4), (iii) I-T4SS
(Dot/Icm), and (iv) GI-T4SS (T4SS that is found so far
associated exclusively with genomic islands). This classi-
fication provides a framework for classifying most T4SSs.
Despite this classification, unfortunately the proper genes
nomenclature has not been standardized yet among the
four groups. For example, there are several genes belong-
ing to the F-T4SS group that are named tra or trb and
the same nomenclature is used for some genes belonging
to the P-T4SS group. Also, several orthologs of the Dot/
Icm system identified in the Plasmid Collb-P9 have
also been termed tra genes instead of dot/icm homologs.
Alternatively, there are some examples showing that a
particular T4SS group subunit has homology with a sub-
unit of another T4SS group. That is the case of the DotBsubunit of the I-T4SS group in L. pneumophila, which is
homolog of P-T4SSs VirB11 [22]. Interestingly, deletion
experiments in L. pneumophila show that the DotB pro-
tein can be replaced by the subunit LvhB11 to perform
the conjugation process in this bacterium [22]. Hence,
the ATPase DotB family [InterPro:IPR013363] shares the
Type II secretion system protein E domain [Interpro:
R001482), which is also found in the ATPase VirB11
family [Interpro: IPR014155]. Thus, it seems that DotB is
a T4SS subunit more related to the P-type group than to
the I-type group. Consequently, such cases make it diffi-
cult for researchers to decide, for instance, which one of
the T4SS groups should be assigned for a given coding
sequence (CDS) under a process of genome annotation.
In order to integrate the knowledge about Type IV
Secretion Systems into a selected collection of curated
data, we developed a comprehensive database that cur-
rently holds 134 ortholog clusters, totaling 1,617 pre-
dicted proteins, encoding the T4SS proteins organized in
a hierarchical classification. This curated data collection
is called AtlasT4SS - the first public database devoted
exclusively to this type of prokaryotic secretion system.Construction and content
Data sources and generation
The AtlasT4SS integrates into a centralized open access
reference database of a collection of annotated coding
sequences for prokaryotic T4SS proteins, organized in a
hierarchical classification with three levels. Our dataset
came from 58 Bacteria (49 Gram-negative and 9 Gram-
Positive), one Archaea and 11 plasmids, downloaded
from the NCBI ftp server [25]. Starting with these gen-
ome sequences, we looked for orthologous genes from a
bi-directional best hit (BBH) relationship in a pairwise
genome comparison [26]. Therefore, the orthologs were
identified as BBH with BLASTP [27], in all-by-all compar-
isons of 70 genomic sequences. We extracted only target
clusters, by using some keywords regarding the NCBI
product or gene name related to T4SSs. Consequently,
the final dataset contains 134 ortholog clusters totaling
1,617 predicted proteins encoding T4SS proteins.Database construction and annotation
The AtlasT4SS database runs on a SUN-OS web server
hosted by The National Laboratory for Scientific Com-
puting (LNCC), Brazil. We used MySQL (v. 3.23.46) as
a supported Relational Database Management System
(RDBMS) to develop a database schema for storing
sequence data, features, and annotation (Figure 1). The
sequences, features and annotations are introduced into
the database using Perl-based scripts with a web interface
(HTML/CGI). Currently, the access to the database is
done through the Web Perl-based Catalyst Framework.
Figure 1 Entity–relationship diagram of T4SS database. Entities are represented by boxes and relationships by lines joining the boxes.
The general information of the genes found in the ORF entity. Each entity ORF is related to information from biological database (InterPro,
Swiss-Prot, Kegg, etc..) and tools (Psort, Phobius, etc.). Gene annotations and annotator entities are described in Annotation and User,
respectively. The identified clusters are described by the entity Clusters_Names.
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(System for Automated Bacterial Integrated Annotation)
[28] and ran several programs, including BLAST [27],
CLUSTAL W Multiple Sequence Alignments package
[29], MUSCLE (v. 3.6) [30] and Jalview (v. 2.3) [31]. Also,
each T4SS record was submitted to several databases,
such as InterPro [32] for protein domain and familyannotation, KEGG (Kyoto Encyclopedia of Genes and
Genomes) [33], COG (Clusters of Orthologous Groups of
proteins) [34], gene onthology GO [35] and UniProtKB/
Swiss-Prot [36] for functional classification, PSORT [37]
for protein localization and Phobius [38] for protein top-
ology features. Finally, we manually processed all auto-
matic information obtained, including PubMed reference
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for each T4SS record (Figure 2).
Utility and discussion
Our objective was to build an open access reference
database to provide access to several proteins related
to T4SS. To date, the AtlasT4SS holds 134 ortholog
clusters. Their features are shown in Additional file 1:
Table S1 that includes the presence of signal peptide
and transmembrane regions, subcellular location and
genomic location. These features were extracted from
PubMed references, as indicated in the table, or from
prediction algorithms.
How to access the AtlasT4SS
By “List of Biological sources”: The list of biological
sources contains 58 Bacteria (49 Gram-negative and 9
Gram-Positive), one Archaea and 11 plasmids, all known
to carry at least one T4SS related protein. The list pro-
vides the TaxID NCBI number of each source and the
link to the NCBI Taxonomy database.
By “Genes by Clusters and Genes by Biological
sources”: The table of genes by clusters displays the 1st
T4SS category, the list of clusters, the biological sources
compounding the cluster, the annotated product name,
the gene ID - according to the NCBI- , and the CDS
size. On the other way, the table of genes by biological
sources gives almost similar information, sorting by bio-
logical sources instead of clusters.
We used controlled vocabulary in order to annotate
the names of genes and products. For product name, we
used two major denominations: (i) “Type IV secretion
system protein”, for all proteins involved in effector
translocation, T-DNA translocation or DNA Uptake/
Release processes or, (ii) “Conjugal transfer protein”, for
all proteins involved in the conjugation process. These
denominations were according to the nomenclature used
in the reference databases (UniProtKB/Swiss-Prot, COG,
Kegg) or the cited literature. We added “homolog” as a
final tag of the product name, to describe an ortholog
system of one given archetypal T4SS system. For almost
all gene names, we used the existing denomination
found in NCBI or UniProtKB/Swiss-Prot.
The “1st category": We defined the first category
according to the four well-known T4SS groups, as fol-
lows: (i) the F-T4SS group displays the Tra/Trb ortho-
logs that form the conjugal transfer system encoded
on the plasmid F identified in the E. coli genome; (ii) the
P-T4SS group includes the Tra/Trb proteins that are
encoded on the plasmids belonging to the incompatibil-
ity group IncP. This group also contains the orthologs of
the archetypal A. tumefaciens VirB/D4 system, including
the proteins Mpf (VirB subunits of the matting pair for-
mation complex), T4CP (coupling-protein VirD4), andDtr (Tra, VirC and VirD proteins that are involved in
the DNA processing and its transfer to the Mpf/T4CP
complex); (iii) the I-T4SS group includes ortholog clus-
ters related to the archetypal L. pneumophila, C. burnetti
and/or Plasmid Colb-P9 Dot/Icm systems; and (iv) the
GI-T4SS group contains orthologs encoded on the
genomic islands of H. influenza, P. aeruginosa and
Salmonella enterica.
The "2nd category": The second category describes a
well-known protein family or else an uncharacterized
protein family (UPF). At present, the AtlasT4SS shows a
total of 119 annotated protein families.
The "3rd category": The last category displays the
classification based broadly on the function of a par-
ticular type IV secretion system. We described ten
functional categories. When the function of a T4SS is
well-known, we annotated it as either: (i) conjugation,
(ii) effector translocator, (iii) T-DNA translocator, or (iv)
DNA uptake/release. Also, when there is experimental
evidence of bifunctional proteins, we annotated them
with both functions, as follows: (v) conjugation and
effector translocator or (vi) effector and T-DNA translo-
cator. On the other hand, there are some uncharacter-
ized systems, which we annotated as a probable function
by analysis of similarity data (subject and query coverage
≥80% and similarity ≥80%) and phylogenetic tree, as fol-
lows: (vii) probable effector translocator, (viii) probable
conjugation or (ix) probable effector translocator and
DNA uptake/release. Finally, when the function of a
given system was not possible to predict, we annotated
it as (x) unknown.
The current version of the AtlasT4SS database con-
tains 119 families dispersed into 134 clusters. Each pro-
tein family can be related to one cluster (e.g. F-T4SS
TraA-F family), two clusters (e.g. I-T4SS DotA family),
three clusters (e.g. P-T4SS VirB7 family), or up to eight
clusters (e.g. P-T4SS VirB2/TrbC family). Figure 3 shows
the distribution of protein family sizes in the database,
and for each of them its functional category is high-
lighted. This figure allows a simple identification of
functional category within a given family. For example,
the largest protein families (more than 10 members), in
particular those belonging to the P-T4SS group contain
several annotated functional categories, including the
unknown function. These functional categories vary
from four for Endonuclease_MobA/VirD2 Family to
eight for several VirB related families and nine for
VirB6/TrbL Family.
Clustering search mode
This mode corresponds to an advanced search with sev-
eral parameters that allow the user to retrieve selected
T4SS data using one or more filtering parameters. More-
over, this searching tool is a comparative mode, since
Figure 2 Overview of annotation page of T4SS database. The image provides an example of the main data page for a T4SS entry. Primary
identification and annotation data appear at the top of the page with a link to the amino acid sequence as well as the corresponding T4SS
cluster. This is followed by functional annotation data, which provide information by Kegg and COG, including the blast results against Kegg
database. Below this are the sections containing details about the InterProScan, Gene Ontology (GO) as well as the blastp results against UniProt/
Swiss-Prot database. Finally, the page shows details about the amino acid sequence topology and protein subcellular location prediction.
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Figure 3 (See legend on next page.)
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Figure 3 Distribution of family sizes in the Atlas T4SS. The graphic shows the distribution of the 119 protein families annotated in the 2nd
category of the Atlas T4SS according to the number of entries per family. The colors within each bar indicate the percentage of entries annotated
with a known or unknown function.
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the whole list. Thus, the user can retrieve T4SS records
by entering the product, gene name or synonym (by
NCBI gene ID). Also, it allows performing a search by
either selecting an interesting biological source(s) or
from the whole list of biological sources. Figure 4 shows
an example of a search: T4SS proteins involved in conju-
gation belonging to the VirD4/TraG family in A. tume-
fasciens C58 Cereon, Rhizobium etli CFN 42 and
Mesorhizobium loti R7A. It is also possible to run a
BLASTP and BLASTX algorithm with a query amino
acid or nucleotide sequence against AtlasT4SS clusters
(Figures 5 and 6).Figure 4 Clustering search tool of T4SS database. The image provides
“virD4” in Agrobacterium tumefasciens C58 Cereon.Phylogenetic analysis
Using the concatenated amino acid sequences of the
ortholog clusters containing three or more predicted
proteins, we generated a NJ midpoint-rooted trees for
each ortholog cluster. A total of 108 phylogenetic trees
are displayed in the AtlasT4SS. Overall, all clusters
represent a mixture of described functions, including
effector translocators, DNA uptake/release and conjuga-
tion systems. However, a closer examination of the major
trees resulting from alignment of amino acid sequences
encoded by VirB1/AvhB1, VirB2/AvhB2, VirB3/AvhB3,
VirB4/AvhB4/TrbE/CagE, VirB6/AvhB6/TrbL, VirB8/AvhB8,
VirB9/AvhB9/TrbG, AvhB10/VirB10/TrbI, AvhB11/VirB11/an example of the clustering search tool results with the keyword
Figure 5 Blastp tool of T4SS database. The image provides an example of the blastp results with an unknown amino acid sequence query
against the complete genome sequence of Agrobacterium tumefasciens C58 Cereon.
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revealed that single branches grouped proteins with the
same functional classification.
Accordingly, these T4SS trees display two categories of
functions: single branches grouping effector translocator
systems, and the other ones grouping conjugation
systems. For example, the midpoint-rooted phylogenetic
tree of the AvhB11/VirB11/TrbB/GspE cluster [39]
contains the highest number of sequences, totalizing
206, including 142 paralogs. As mentioned before, pro-
teins VirB11 belong to the ATPase VirB11 family, which
contains the Type II secretion system protein E domain,
also found in the DotB family. Consequently, the BBH
merged into the same cluster, VirB11, TrbB, and alsothe GspE proteins of type II (e.g., GeneID: lpg1522 and
product: Type IV fimbrial assembly protein pilB), but these
sequences were not included in this tree. It is important to
note that the VirB11 homolog from Campylobacter
jejuni (CJJ81176pTet0039) involved in DNA uptake/
release is closer to the conjugative TrbB proteins, which
is also observed in the VirB4 phylogenetic tree [40].
There is only one discrepancy in the grouping of func-
tions at the final branches: the VirB11 from Brucella
suis (BRA0059), which is an effector translocator system,
was grouped on the same branch of TraM protein from
a possible conjugative plasmid pSB102. Hence, this
discrepancy is observed in all phylogenetic trees of the
P-T4SS clusters.
Figure 6 Blastx tool of T4SS database. The image provides an example of the blastx results with an unknown nucleotide sequence query
against all biological sources of Atlas T4SS.
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The genome of R. ettli strain CFN42, a nitrogen-fixing
bacterium, consists of one chromosome and six plas-
mids, and contains three copies of the T4SS: the plasmid
p42a carries two copies of T4SSs (VirB/D4p42a and
Tra/Trbp42a), and the symbiotic plasmid p42d carries
one VirB/D4p42d system [41].
The Tra/Trbp42a is involved in conjugal transfer of
the self-transmissible plasmid p42a, and can mobilize
the symbiotic plasmid p42d. On the other hand, the
VirB/D4p42d probably is not a functional conjugation
system [41]. Concerning the function of the third T4SS,
the VirB/D4p42a, we postulated the hypothesis that
this system is a possible effector translocator. Through
examination of the phylogeny of ortholog clusters, we
observed that all VirB/D4p42a subunits grouped toge-
ther with the effector translocator systems VirB/D4Ti
of A. tumefasciens and VirB/D4pR7 of Mesorhizobiumloti. The alphaproteobacteria M. loti belonging to the
Rhizobiales order enables symbiotic relationships for
biological nitrogen fixation with Lotus spp., including
Lotus corniculatus and the model legume plant L. japo-
nicus. The M. loti VirB/D4pR7 is encoded in the symbi-
otic island of plasmid R7A, and was proven to be an
effector translocator system, essential for plant symbiosis
[42,43]. To date, two substrates transferring by the VirB/
D4pR7 to the host plant have been identified in vitro,
one being the product of ORF msi059, and the other
one the product of ORF msi061 [42]. This T4SS is the
first example of a type IV being involved in mutualistic
symbiotic relationships.
Interestingly, looking for msi059 and msi061 homolo-
gues in the R. etti CFN42 genome, we found two ORFs
in the plasmid p42a. One is RHE_PA00030 (270 aa)
belonging to the Peptidase C48 family, which is similar
to a domain of msi059 (61% BLASTP over 15% of the
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(203 aa) (annotated as VirF1), which is similar to msi061
(54% BLASTP over 42% of the length of the protein)
and VirF (52% BLASTP over 78% of the length of the
protein), a protein transferred by the VirB/D4Ti required
for A. tumefasciens virulence [44].
Consequently, according to evidence shown in our
analysis, we suggest experimental investigation of VirB/
D4p42a in order to elucidate the probable effector trans-
locator function and its involvement in the R. etti
CFN42 symbiosis. Through T4SS analysis of symbiotic
bacteria, it is possible to verify a role of this system for
the host relationship. Perhaps in these bacteria, the T4SS
can replace the same secretion function mediated by
another system, such as the type III secretion system.Future development and perspectives
Currently, we are working to include new systems and the
related substrates for the effector translocator systems in
the database. Also, we will perform an upgrade of the data-
base to incorporate more systems from Gram-negative and
Gram-positive Bacteria and Archaea.Conclusion
In summary, AtlasT4SS is a comprehensive and web-
accessible database of type IV secretion system in
prokaryotes. This is a public resource devoted to the
knowledge about classification, function and evolution
of this transport system from a variety of bacterial and
archaeal genomes. AtlasT4SS will be useful for the
annotation of T4SS in prokaryotic genomes.Availability and requirements
Database name: AtlasT4SS.
Project home page: http://www.t4ss.lncc.br.
Operating system(s): Platform independent.
Programming languages: AtlasT4SS is an interactive
web-based database with user-friendly interface (HTML/
Web-Based MVC). Information is provided using the
RDBMS MySQL and the Catalyst Framework based in
Perl programming language and Model-View-Controller
(MVC) design pattern for Web Use by non-academics:
no license needed.Additional file
Additional file 1: Table S1. Cluster's statistics information.Abbreviations
T4SS: Type IV Secretion System; BBH: Bi-directional Best Hit; CDS: Coding
Sequence; UPF: Uncharacterized Protein Family; Mpf: Matting pair formation
complex; T4CP: Coupling-Protein VirD4; Dtr: DNA processing and transfer.Authors’ contributions
RCS, GRQS, DSN and MFN retrieved, analyzed, prepared the AtlasT4SS dataset
(sequence, functional annotation, cross-references. . .) and illustrated the
relational database. RCS and GRQS performed scripts for automated data
retrieval and developed the current web pages. MFN, MOCC and CCK in
cooperation carried out the CDS annotation and designed the T4SS
hierarchical classification. NCBL worked on the phylogenetic trees figures.
MFN and ATRV managed the project. ATRV is the team leader and provides
financial support. All authors read and approved the final manuscript.
Acknowledgements
MFN thanks the financial support from CNPq, Brazil (Process number:
309370/2009-4) and the Fundação Carlos Chagas Filho de Amparo à
Pesquisa do Estado do Rio de Janeiro (FAPERJ), Brazil (Process number:
E-26/102.214/2009). NCBL thanks the CNPq, Brazil (Process number: 300034/
2012-1) for the fellowship. Authors thank Dr. Mariangela Hungria for her
critical reading of the manuscript.
Received: 16 April 2012 Accepted: 23 July 2012
Published: 9 August 2012
References
1. Thanassi DG, Hultgren SJ: Multiple pathways allow protein secretion
across the bacterial outer membrane. Curr Opin Cell Biol 2000,
12(4):420–430.
2. Kostakioti M, Newman CL, Thanassi DG, Stathopoulos C: Mechanisms of
protein export across the bacterial outer membrane. J Bacteriol 2005,
187(13):4306–4314.
3. Abdallah AM, van Pittius NC G, Champion PA, Cox J, Luirink J,
Vandenbroucke-Grauls CM, Appelmelk BJ, Bitter W: Type VII secretion--
mycobacteria show the way. Nat Rev Microbiol 2007, 5(11):883–891.
4. Schell MA, Ulrich RL, Ribot WJ, Brueggemann EE, Hines HB, Chen D,
Lipscomb L, Kim HS, MrÃ¡zek J, Nierman WC, Deshazer D: Type VI secretion
is a major virulence determinant in Burkholderia mallei. Mol Microbiol
2007, 64(6):1466–1485.
5. Hayes CS, Aoki SK, Low DA: Bacterial contact-dependent delivery systems.
Annu Rev Genet 2010, 44:71–90.
6. Sutcliffe IC: New insights into the distribution of WXG100 protein
secretion systems. Antonie Van Leeuwenhoek 2011, 99(2):127–131.
7. Cascales E, Christie PJ: The versatile bacterial type IV secretion systems.
Nat Rev Microbiol 2003, 1(2):137–149.
8. Li PL, Hwang I, Miyagi H, True H, Farrand SK: Essential components of the
Ti plasmid trb system, a type IV macromolecular transporter. J Bacteriol
1999, 181(16):5033–5041.
9. Christie PJ: Type IV secretion: intercellular transfer of macromolecules by
systems ancestrally related to conjugation machines. Mol Microbiol 2001,
40(2):294–305.
10. Hofreuter D, Odenbreit S, Haas R: Natural transformation competence in
Helicobacter pylori is mediated by the basic components of a type IV
secretion system. Mol Microbiol 2001, 41(2):379–391.
11. Christie PJ, Atmakuri K, Krishnamoorthy V, Jakubowski S, Cascales E:
Biogenesis, architecture, and function of bacterial type IV secretion
systems. Annu Rev Microbiol 2005, 59:451–485.
12. Christie PJ, Vogel JP: Bacterial type IV secretion: conjugation systems
adapted to deliver effector molecules to host cells. Trends Microbiol 2000,
8(8):354–360.
13. Hofreuter D, Odenbreit S, Henke G, Haas R: Natural competence for DNA
transformation in Helicobacter pylori: identification and genetic
characterization of the comB locus. Mol Microbiol 1998, 28(5):1027–1038.
14. Lawley TD, Klimke WA, Gubbins MJ, Frost LS: F factor conjugation is a true
type IV secretion system. FEMS Microbiol Lett 2003, 224(1):1–15.
15. Marra A, Blander SJ, Horwitz MA, Shuman HA: Identification of a Legionella
pneumophila locus required for intracellular multiplication in human
macrophages. Proc Natl Acad Sci USA 1992, 89(20):9607–9611.
16. Zamboni DS, McGrath S, Rabinovitch M, Roy CR: Coxiella burnetii express
type IV secretion system proteins that function similarly to components
of the Legionella pneumophila Dot/Icm system. Mol Microbiol 2003,
49(4):965–976.
17. Juhas M, Crook DW, Dimopoulou ID, Lunter G, Harding RM, Ferguson DJ,
Hood DW: Novel type IV secretion system involved in propagation of
genomic islands. J Bacteriol 2007, 189(3):761–771.
Souza et al. BMC Microbiology 2012, 12:172 Page 11 of 11
http://www.biomedcentral.com/1471-2180/12/17218. Kurenbach B, Bohn C, Prabhu J, Abudukerim M, Szewzyk U, Grohmann E:
Intergeneric transfer of the Enterococcus faecalis plasmid pIP501 to
Escherichia coli and Streptomyces lividans and sequence analysis of its
tra region. Plasmid 2003, 50(1):86–93.
19. Lipps G: Plasmids and viruses of the thermoacidophilic crenarchaeote
Sulfolobus. Extremophiles 2006, 10(1):17–28.
20. Alvarez-Martinez CE, Christie PJ: Biological diversity of prokaryotic type IV
secretion systems. Microbiol Mol Biol Rev 2009, 73(4):775–808.
21. Cascales E, Christie PJ: Definition of a bacterial type IV secretion pathway
for a DNA substrate. Science 2004, 304(5674):1170–1173.
22. Segal G, Russo JJ, Shuman HA: Relationships between a new type IV
secretion system and the icm/dot virulence system of Legionella
pneumophila. Mol Microbiol 1999, 34(4):799–809.
23. Bandyopadhyay P, Liu S, Gabbai CB, Venitelli Z, Steinman HM:
Environmental mimics and the Lvh type IVA secretion system contribute
to virulence-related phenotypes of Legionella pneumophila. Infect Immun
2007, 75(2):723–735.
24. Juhas M, Crook DW, Hood DW: Type IV secretion systems: tools of
bacterial horizontal gene transfer and virulence. Cell Microbiol 2008,
10(12):2377–2386.
25. NCBI ftp server. ftp://ftp.ncbi.nih.gov/genomes.
26. Overbeek R, Fonstein M, D'Souza M, Pusch GD, Maltsev N: The use of
gene clusters to infer functional coupling. Proc Natl Acad Sci USA 1999,
96(6):2896–2901.
27. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ: Basic local alignment
search tool. J Mol Biol 1990, 215(3):403–410.
28. Almeida LG, Paixão R, Souza RC, Costa GC, Barrientos FJ, Santos MT,
Almeida DF, Vasconcelos AT: A System for Automated Bacterial Integrated
Annotation - SABIA. Bioinformatics 2004, 20:2832–2833.
29. Higgins DG, Thompson JD, Gibson TJ: Using CLUSTAL for multiple
sequence alignments. Methods Enzymol 1996, 266:383–402.
30. Edgar RC: MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Res 2004, 32(5):1792–1797.
31. Clamp M, Cuff J, Searle SM, Barton GJ: The Jalview Java alignment editor.
Bioinformatics 2004, 20(3):426–427.
32. InterPro. http://www.ebi.ac.uk/interpro.
33. KEGG - Kyoto Encyclopedia of Genes and Genomes. http://www.genome.ad.
jp/keg.
34. COG - Clusters of Orthologous Groups of proteins. http://www.ncbi.nlm.nih.
gov/COG.
35. GO - Gene Onthology. www.geneontology.org.
36. UniProtKB/Swiss-Prot. http://www.uniprot.org.
37. PSORT. http://psort.nibb.ac.jp.
38. Käll L, Krogh A, Sonnhammer EL: A combined transmembrane topology
and signal peptide prediction method. J Mol Biol 2004, 338(5):1027–1036.
39. AtlasT4SS-cluster AvhB11/VirB11/TrbB/GspE. http://www.t4ss.lncc.br/
GenesByClusters?cluster=182.
40. AtlasT4SS-cluster VirB4/AvhB4/TrbE/CagE. http://www.t4ss.lncc.br/
GenesByClusters?cluster=520.
41. Tun-Garrido C, Bustos P, González V, Brom S: Conjugative transfer of p42a
from rhizobium etli CFN42, which is required for mobilization of the
symbiotic plasmid, is regulated by quorum sensing. J Bacteriol 2003,
185(5):1681–1692.
42. Hubber A, Vergunst AC, Sullivan JT, Hooykaas PJ, Ronson CW: Symbiotic
phenotypes and translocated effector proteins of the Mesorhizobium
loti strain R7A VirB/D4 type IV secretion system. Mol Microbiol 2004,
54(2):561–574.
43. Sullivan JT, Trzebiatowski JR, Cruickshank RW, Gouzy J, Brown SD, Elliot RM,
Fleetwood DJ, McCallum NG, Rossbach U, Stuart GS, Weaver JE, Webby RJ,
De Bruijn FJ, Ronson CW: Comparative sequence analysis of the
symbiosis island of Mesorhizobium loti strain R7A. J Bacteriol 2002,
184(11):3086–3095.
44. Schrammeijer B, Risseeuw E, Pansegrau W, Regensburg-Tuïnk TJ, Crosby WL,
Hooykaas PJ: Interaction of the virulence protein VirF of Agrobacterium
tumefaciens with plant homologs of the yeast Skp1 protein. Curr Biol
2001, 11(4):258–262.
doi:10.1186/1471-2180-12-172
Cite this article as: Souza et al.: AtlasT4SS: A curated database for type
IV secretion systems. BMC Microbiology 2012 12:172.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
